Recently, we measured two anomalous diffusion (AD) parameters: the spatial and the temporal AD indices, called γ and α, respectively, by using spectroscopic pulse gradient field methods. We showed that γ quantifies pseudo-superdiffusion processes, while α quantifies subdiffusion processes. Here, we propose γ and α maps obtained in a controlled heterogeneous phantom, comprised of packed micro-beads in water and in excised human meningiomas. In few words, α maps represent the multi-scale spatial distribution of the disorder degree in the system, while γ maps are influenced by local internal gradients, thus highlighting the interface between compartments characterized by different magnetic susceptibility. γ maps were already obtained by means of AD stretched exponential imaging and α-type maps have been recently achieved for fixed rat brain with the aim of highlighting the fractal dimension of specific brain regions. However, to our knowledge, the maps representative of the spatial distribution of α and γ obtained on the same controlled sample and in the same excised tissue have never been compared. Moreover, we show here, for the first time, that α maps are representative of the spatial distribution of the disorder degree of the system. In a first phase, γ and α maps of controlled phantom characterized by an ordered and a disordered rearrangement of packed micro-beads of different sizes in water and by different magnetic susceptibility (Δχ) between beads and water were obtained. In a second phase, we investigated excised human meningiomas of different consistency. Results reported here, obtained at 9.4 T, show that α and γ maps are characterized by a different image contrast. Indeed, unlike γ maps, α maps are insensible to (Δχ) and they are sensible to the disorder degree of the microstructural rearrangement. These observations strongly suggest that AD indices α and γ reflect some additional microstructural information which cannot be obtained using conventional diffusion methods based on Gaussian diffusion. Moreover, α and γ maps obtained in excised meningiomas seem to provide more microstructural details above those obtained with conventional DTI analysis, which could be used to improve the classification of meningiomas based on their consistency.
Introduction
During the past few decades, diffusion-weighted imaging (DWI) [1] and diffusion tensor imaging (DTI) [2] have become popular methods to provide quantitative information on microscopic characteristics and abnormalities of human tissues [3, 4] . Despite that, DWI and DTI have intrinsic methodological limitations which impoverish the sensitivity and specificity of these diagnostic tools. One of these limitations is due to the assumption that diffusion in biological tissues is Gaussian, namely that exists a linear relation between the mean square displacement (MSD) of diffusing molecules and time (t) during which diffusion occurs. Indeed, dynamics of water in living systems can be hindered and/or restricted by confining boundaries in multiple compartments leading to a deviation from the linear relation between MSD of diffusing particles and t [5, 6] . Moreover, some biological tissues, such as the cerebral ones, can be described in terms of a multi-scale and multi-level complex system, in which a complex hierarchical topology resembling fractal folding can be found [7, 8] .
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In such kind of media, water molecules can be entrapped in microstructures and obstructions. Moreover, irregular and chaotic travel paths of water molecular displacement can be observed. In this case, the MSD as a function of t, is characterized by a power law: MSD(t)∝t v (where v is the dynamic exponent of the transport process, or scaling index) which characterizes anomalous diffusion (AD) processes. The case vN1 describes superdiffusive, while vb1 describes subdiffusive processes [9, 10] . In this scenario, AD or nonGaussian diffusion methods may, in principle, provide more or different microstructural information which couldn't be obtained using conventional diffusion methods based on Gaussian diffusion. In human tissue DWI, the signal as a function of the b-value, has been shown to deviate from monoexponential decay, in particular, at high values of the diffusion-weighting factor, b. This phenomenon, observed in brain more than ten years ago [11, 12] is termed nonGaussian diffusion.
Recently, we introduced a novel method [13] to obtain microstructural information from heterogeneous media by means of diffusion methods based on non-Gaussian diffusion theory. The approach utilizes the theory of the Continuous Time Random Walk (CTRW) [10] as an effective approach to describe the features of non normal, or anomalous diffusion [9, 10] .
According to the CTRW model, the motion propagator of AD is defined as the solution of fractional diffusion equations. These equations introduce two parameters, the fractional exponent in time α and the fractional exponent in space μ=2γ which are the time and space derivatives fractional orders, respectively. We measured both the spatial AD index γ and the temporal AD index α, by using spectroscopic pulse gradient stimulated echo (PGSTE) methods [13] showing that γ quantifies pseudo-superdiffusion processes [13, 14] while α quantifies subdiffusion processes [13] . Moreover, γ depends on local magnetic susceptibility (Δχ) [13, 14] or on effective internal gradients [15] [16] [17] and it is equivalent to the stretching parameter of the AD stretched exponential imaging method, recently developed to investigate brain tissue [18] [19] [20] . Conversely, α provides information on the disorder degree of the system and does not depend on Δχ. To the best of our knowledge, α and γ maps obtained on the same controlled sample, have never been compared.
Our aim was to assess the potential of spatio-temporal anomalous diffusion imaging in reflecting additional microstructural information that cannot be obtained using conventional diffusion methods based on Gaussian diffusion.
To achieve this goal, γ and α weighted images obtained in a controlled heterogeneous phantom and in excised human meningiomas at high magnetic field (9.4 T) were analyzed and compared between themselves and with conventional mean diffusivity (MD) maps. Our results show that α maps represent, in an efficient way, the spatial distribution of the disorder degree in the system, while γ maps confirm their property of reflecting local Δχ, thus highlighting the interface between compartments characterized by different Δχ. Data reported here strongly suggest that α and γ imaging could be useful tools to obtain additional information compared to those obtainable from conventional DTI methods, for characterizing tissue microstructures. Here, we tested in vitro the potential of spatio-temporal anomalous diffusion in discriminating between hard and soft excised human meningiomas [21] .
Theory
One of the most interesting features of pulse field gradient (PFG) sequences used to perform diffusion studies, is that the measured signal is proportional to the Fourier transform (FT) of the motion propagator (MP), where, the MP is proportional to the probability of finding a diffusing particle in a position r at a time t.
By taking into account the theory of CTRW [10, 13] , MP is defined as the solution of fractional diffusion equations. These equations introduce two parameters, the fractional exponent in time α and the fractional exponents in space γ, which are the time and space derivatives fractional orders. Briefly, to investigate sub-diffusive processes for which the mean-square displacement (MSD) of diffusing particles grows sub-linearly in time, it is possible to assume the following asymptotic behavior for the FT of MP:
where k=1/(2π)gδϒ with: g, the diffusion gradient strength, δ, the gradient pulse duration, ϒ the nuclear gyromagnetic ratio and 0bαb1. Conversely, to study super-diffusive processes characterized by a divergence of the jump length variance, it is possible to use the following function:
where 0bγb1. As a consequence, the specific AD behaviour of water in each investigated sample, is described by the two α and γ indices that, in principle, reflect a different information about the microstructural rearrangement of investigated samples. From Eq. (1) it is obvious that in a PGSTE sequence, by changing the diffusion time Δ at a fixed value of g the signal decay can be fitted by Eq. (1), for evaluating α. On the other hand, changing the g value at fixed Δ, by fitting the signal decay as a function of k to Eq. (2), yields γ.
In the effective approach proposed here, the underlying premise is that MSD may grow sublinearly with time for a limited interval of time. Indeed, it is well known that diffusion is anomalous for all times if particles diffuse in a suitable hierarchy of binding sites and are not in thermal equilibrium with traps [22] .
In many natural systems, a range of heterogeneity length scales ≤λ (where λ is the largest heterogeneity length scale) exists, which can produce a broad distribution of diffusing particles stopping times. Therefore, the transport on a scale L≪λ and L≫λ evolves to normal behavior because the medium appears homogeneous and the transport process is well described by the linear growth of MSD with time. Conversely, on a scale L≤λ the transport reflects the medium heterogeneities and evolves to a more complex behavior, known as anomalous diffusion.
As well demonstrated by many studies based on Monte Carlo simulations of particle diffusion in 2D [22] [23] [24] [25] [26] [27] [28] and 3D crowded media [29] , particle diffusion in media comprised of mono-sized obstacles uniformly and randomly distributed, is characterized by the following representative behaviors:
1. for very short times diffusion is normal, i.e. the measured macroscopic diffusion coefficient is constant and equal to that of particle diffusion in an homogeneous medium without any crowding effects, D 0 ; 2. for short times diffusion is anomalous, i.e. the measured macroscopic diffusion coefficient is time-dependent and is well described by the relation:
, with 0bαb1; 3. for long times diffusion is normal again, with a constant macroscopic diffusion coefficient, D ∞ bD 0 .
Transition from anomalous to the normal diffusion regime is characterized by the crossover time t*, corresponding to the largest heterogeneity length scale, λ:
Therefore, the premise at the basis of the approach adopted in this work is that, in the investigated systems, anomalous diffusion is expected to occur for diffusion times t≤t*.
Moreover, the crossover from anomalous to normal diffusion, which is expected for diffusion times tNt* cannot be observed in the NMR experiments performed in this study due to intrinsic limitations of the experimental technique. In particular, in the systems investigated, the longitudinal relaxation time, T 1 , of water diffusing molecules throw polystyrene micro-beads, or in excised human meningiomas, is smaller than the cutoff time scale t*. This means that for the samples investigated in this study by NMR diffusion measurements, the long-time behavior known as the tortuosity limit cannot be observed. Specifically, glass microcapillaries with 0.7 mm inner diameter were filled with: free water (capillary number 1, in reference image of Fig. 1 ); capillary number 2 is filled with a mixture of 6 μm and 10 μm beads suspended in water. As a consequence it represents a more disordered system [13] ; capillary number 3 is filled with TiO 2 5 μm beads monodispersed in water; capillary number 4 is filled with TiO 2 0.05 μm beads monodispersed in water; capillaries 5 and 6 are filled with 6 μm polystyrene beads monodispersed in water. These six microcapillaries were immersed in a 8 mm NMR tube ( Fig. 1 ) containing 10 μm packed polystyrene beads in water (ROI 7 in reference image). In summary, capillaries 3, 4,5 and 6, and ROI 7, are representative of ordered systems. Capillaries 3 and 4 are characterized by strong internal gradients. Capillary 2 is the only one representative of a disordered system, and capillary 1 is representative of a system characterized by normal or Gaussian diffusion.
Material and methods

Controlled phantom
Excised brain tissues
One patient, bearing a brain meningioma presents in different areas, underwent an MR DTI investigation at 3 T (Philips Achieva) prior to surgery, including diffusion-weighted sequences (single-shot spinecho echoplanar (SSh-SE-EPI) with TE/TR=109/5000 ms, slice thickness 4 mm, in plane resolution 2.2 mm 2 ) acquired in 15 non collinear directions at 2 different b-values (1000, 2500 s/mm 2 ) plus one image at b=0. Twenty-four contiguous axial slices were collected with NS=
2. An 8-channel SENSE head coil was used. After the surgery, excised specimens of meningioma, named C and E (Fig. 2, upper panel) were selected on the basis of their consistency. For microscopic diagnosis, representative tumour samples from the extracted samples C and E were fixed in 10% buffered formalin and embedded in paraffin; five micrometer-thick serial sections were stained with Haematoxylin & Eosin or employed for immunohistochemistry. Histologically representative images of the main characteristic features of sample C and E are displayed in Fig. 2 (bottom panel) .
Sample C was characterized by a major zone of soft tissue with a minor zone with fibres. It is representative of a meningioma with a reduced consistency, characterized by the presence of sheets and lobules of the typical meningothelial cells in a vague papillary arrangement. Conversely, sample E was characterized by a harder consistency than sample C. Indeed, it is characterized by extensive areas of hypocellular fibrous hyalinization starting from the perivascular space, with rare residual small groups of meningothelial cells. From the point of view of neurosurgery, soft meningiomas are those characterized by reduced consistency, which can be aspired as opposed to hard meningiomas that cannot be aspired [21] . To investigate excised meningiomas, we placed samples C and E, along with a solution of 4% paraformaldehyde and phosphate-buffered saline (PBS) solution for fixation, to preserve microstructure rearrangements [30] in two 8 mm NMR tube. Samples C and E were also investigated by optical microscopy and sectioned, after the in vitro NMR examinations.
MRI
All measurements were performed on a Bruker 9.4 T Avance system, operating with a micro-imaging probe (10 mm internal diameter bore) and equipped with a gradient unit characterized by a maximum gradient strength of 1200 mT/m, and a rise time of 100 μs. , was used for collecting data to fit to Eq. (1) for extracting α map. Differently from γ map, to obtain an α map without any other influence from relaxation effects, it is necessary to divide each signal S(g,Δ) obtained using g=40 mT/m and a certain value of Δ, to the signal S(Δ) obtained using the corresponding Δ.
The mean values of α (Mα) and μ (Mγ) were obtained by averaging: Mα=1/3Σ i=x,y,z (α) i and Mμ=1/3Σ i=x,y,z (γ eff ) i . Because phantoms used in our experiments are characterized by a cylindrical geometry, we measured MD, Mγ and Mμ along x, y and z axis only. However, in more complex geometries, a tensor analysis should be used [19] .
All fitting procedures were performed by means of LevenbergMarquardt algorithm using homemade scripts in MATLAB 2009b.
Results and discussion
Mγ, Mα and the conventional MD map obtained from the controlled phantom illustrated in Fig. 1 , are displayed in Fig. 3 (A, B and C, respectively). Moreover in Table 1 , Mγ and Mα mean values and their standard deviation (SD), obtained in each ROI marked in Fig. 1a ) from three consecutive slices, are listed. The Mγ and Mα maps are "grainy" compared to a conventional MD image, due to the short Fig. 1 . Details of controlled phantom used to mimic media with low and high level of disorder and with different Δχ m. An axial low resolution T2-weighted image is displayed in a) to describe phantom details. Capillary number 1 is filled with free water and Tween 20 surfactant; capillary number 2 is filled with a mixture of 6 and 10 μm beads of polystyrene polydispersed in water to simulate a disordered system; capillary number 3 is filled with TiO 2 5 μm beads monodispersed in water; capillary number 4 is filled with TiO 2 0.05 μm beads monodispersed in water; capillaries 5 and 6 are filled with 6 μm polystyrene beads monodispersed in water; ROI 7 in reference T2-w image is characterized by 10 μm polystyrene beads monodispersed in water. Please note that, in this phantom, capillary 2 only is representative of a disordered system. range of the possible γ and α values. Indeed, in the type of phantoms used in our experiments, which are comprised of packed beads and water, γ values run from 0.7 to 1 (as you can see in Fig. 3A) , while α values run from 0.85 to 1 (Fig. 3B) Haematoxylin & Eosin stain, original magnification, ×100. Fig. 3 . Mγ, Mα and the conventional MD map obtained from the controlled phantom illustrated in Fig. 1, are displayed in A) , B) and C), respectively. Color bars were selected to emphasize gray level differences between capillaries different from that filled with free water solution (capillary 1 in Fig. 1 ).
different sizes, shows the lowest Mα value, according to the theory of disordered systems [13] . Maps in Fig. 3A and 3B, are likely to detect changes in local Δχ and in disorder degree, respectively. In other words, Mγ is representative of the spatial distribution of the local Δχ, while Mα is representative of the spatial distribution of the disorder degree of the system. Table 1 , it is possible to check the ability of Mγ map in detecting differences in samples containing different local Δχ. In the Mγ map there is a better discrimination of capillaries filled with mono-dispersed TiO 2 beads in water than those filled with polystyrene micro-beads in water. This is due to the high sensitivity of Mγ to Δχ which is about one order of magnitude higher in TiO 2 beads in water sample than that in polystyrene beads in water sample. According to our previous results [13, 14] , data reported in Fig. 3A) confirms that Mγ contrast depends on both the water dynamics and the Δχ.
By observing Mγ map and its values listed in the
With regard to Mα contrast, α value does not depend on Δχ, but it depends on the spatial distribution of the disorder degree of media. Indeed α-image contrast is approximately equal to 0.9 in all sample locations filled up with high packed monodispersed beads, which are representative of ordered systems [13] . Conversely, α value evaluated in the capillary number 2, in which mixed bead sizes were used to mimic an ad hoc region of disorder, shows the lowest value in the Mα map. As a consequence, Mα map displayed in Fig. 3B , strongly suggests that AD index α provides a new type of image contrast, different from that provided by conventional diffusion procedures based on Gaussian diffusion (i.e. MD maps) and different from that provided by γ stretched exponential model. Mγ and Mα maps representative of the AD of biological water in excised brain tissue samples C and E are shown in Fig. 4A , together with conventional MD images obtained using three different b-values (Fig. 4B) . Comparing results in Fig. 4A with histological images displayed in Fig. 2 , we can confirm the observations made to the results displayed in Fig. 3 . Indeed, Mγ map of sample C, which is characterized by the presence of a lot of meningothelial cells, highlights the boundaries and interfaces between cells/extracellular space, tissue/vessels and low/high tissue cellularity; in other words Mγ map of sample C offers a better detection than that achievable by MD images of the boundaries and interfaces between substances characterized by a different Δχ, such as tissue/vessels and low/high tissue cellularity. Conversely, Mα map of sample C seems to be less affected by local Δχ due to blood and/or tissue cellularity Unlike Mγ image, Mα map discriminates between two zones in sample C, characterized by a more disordered (α less than 0.65) and a less disordered (or more ordered) tissue (α higher than 0.8). These two zones seem to reflect approximately the two areas in MD images characterized by a less and a more slow dynamics (Fig. 4B, bottom  panel) . A deeper investigation of samples C, carried out after the NMR experiments, showed that the area of sample C that was characterized by the highest α value and the lowest MD value, was occupied by a high anisotropic fibrous tissue, i.e., by a tissue characterized by an ordered structure.
Moreover sample E, which is characterized by a more ordered and homogeneous fibrous structure than sample C, shows a higher mean α values when compared to sample C.
Mα results, are in agreement with the results obtained by Ozarslan et al. [8] . These authors have recently reported the first map representative of the spatial distribution of the fractal dimension in fixed rat brain. In particular, the parameter that quantifies the fractal dimension, is proportional to the α parameter [8, 13] . Ozarslan et al. [8] use acquisitions at varying Δ (as in our approach) but they used also acquisition at different q values to obtain fractal dimension maps. In particular, the fractal dimension, d f , which describes the scaling of the mass of the environment with distance, is the combination of two exponents characterizing the diffusion process: the fractal dimension of the diffusion process, d w and the spectral or fractal dimension, d s , which quantify the scaling behavior of the density of states for the Laplacian operator. Generally speaking, d w defines the scaling behavior of the MSD with time and it is strictly related to the α exponent of the present work: d w =2α, while d s defines the scaling behavior of the return to the origin probability (RTOP) with time: RTOP∝t -ds/2
. In deterministic fractals, the two dynamics exponents are related to d f through the simple relationship:
As a consequence, the difference between Mα and fractal dimension maps lies in the fact that the maps reported by Ozarslan et al. [8] are aimed to map the fractal dimension in cerebral tissues, while the Mα maps reported here are representative of the spatial distribution of the degree of disorder.
Finally, by observing maps displayed in Fig. 4 , unlike MD maps, even at high b values, Mα and Mγ maps, seem to be able to highlight some additional microstructural details to finely discriminate the two samples E and C characterized by different consistency.
Conclusion
In recent years, several approaches have been proposed to quantify non-Gaussian [31] [32] [33] [34] [35] and AD processes in heterogeneous systems [8, 13, 14, [18] [19] [20] [36] [37] [38] [39] [40] [41] . In this paper, for the first time, we show and compare anomalous subdiffusive Mα maps together with anomalous pseudo-superdiffusion Mγ and conventional MD maps obtained from the same samples (controlled phantom and excised brain tissues). In particular, here we presented the imaging version of our recent spectroscopic results [13] which indicated α, as an AD parameter to quantify the disorder degree of the system. Moreover, they indicated γ, as an AD parameter to quantify restricted multicompartimentalized diffusion processes in which local Δχ at the interface between compartments is present [13, 14] . Indeed real superdiffusion processes are considered impossible for water molecules in the type of systems used in this work. However, due to abrupt changes of magnetic susceptibility at interfaces, their images can mimic a superdiffusion process in NMR measurements.
Mγ and Mα maps illustrated here, which are representative of the spatial distribution mapping of the local heterogeneities and of the degree of the structural disorder, respectively, strongly suggest to provide some additional information about the microstructural rearrangements of heterogeneous media in which water diffuses, compared to conventional MD maps. We have tested the potential of Mα and Mγ as new complementary tool to potentiate the sensitivity and specificity of diagnosis based on diffusion protocols, in excised meningiomas of different consistency. Our results and observations suggest that this AD approach might be potentially useful for in vivo application, to detect different and more microscopic features of pathological lesions compared to those observable using Gaussian DTI approach.
